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DIRECTIONAL SOLIDIFICATION OF Al – 7 WT % Si ALLOY  
 
RAVI SHANKER RAJAMURE 
 
ABSTRACT 
 
Al – 7 wt % Si alloy has been directionally solidified from an aluminum single crystal 
seed with its [100] orientation parallel to the growth direction with a positive thermal 
gradient of 40 K/cm and over the range of growth speeds. Growth speed dependence of 
primary Dendrite Spacing and Primary Dendrite trunk Diameter has been analyzed 
during the step increase and step decrease in the growth speeds. Frequency distribution of 
Nearest Neighbor dendrites obtained from the statistical analysis shows the hexagonal 
distribution of dendrites. The interdendritic convection was present in the form of 
transverse macrosegregation and non uniform distribution of dendrites at low growth 
speeds, 4 and 5 µm/s. The samples grown at higher growth speed of 22 and 72 µm/s did 
not show the microstructure inhomogeneity. An increase in the growth speed shows 
decrease in primary dendrite arm spacing which is in agreement with theoretical models. 
One unanticipated finding was that the primary dendrite spacing predicted by the Hunt-
Lu model is small when compared with the experimental Spacing. The Current 
investigation showed that steady state distribution is achieved after a solidification 
distance of 3 mushy zone lengths after the change in speed. 
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CHAPTER I 
INTRODUCTION 
 
1.1. Solidification Processing of Metallic Alloys 
1.1.1. Ingot and Investment Casting: During conventional casting liquid alloy is 
poured into a mould where its solidification behavior is determined by the local heat 
transfer conditions. Since the thermal gradient and growth speeds of the solid-liquid 
interface are not independently controlled the solidified microstructure of an alloy is only 
a function of the local cooling rates. The microstructure consists of mostly equiaxed 
grains formed via independent nucleation events occurring in the super cooled melt. A 
typical microstructure of such a casting made from Al-7 wt% Si alloy (Dr. Richard 
Grugel- NASA-Marshall Space Flight Center, Huntsville, AL) is shown in Figure 1. It 
consists of equiaxed primary aluminum dendrites surrounded by interdendritic Al-Si 
eutectic phase. 
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Figure 1. Typical as cast microstructures obtained during normal solidification of an Al – 
7 wt % Si alloy (Dr. Richard Grugel- NASA-Marshall Space Flight Center, Huntsville, 
Al).  
 
 
1.1.2. Directional Solidification: Directional solidification is carried out under 
imposed thermal gradient and growth speeds. As shown in Figure 2 for directional 
solidification of a cylindrical Pb-Sb alloy sample, the alloy in a refractory crucible is kept 
molten at the top and heat is extracted only from the bottom. This establishes a positive 
thermal gradient along the sample length, with melt column on the top, two phase 
(solid+liquid) mushy zone in the middle and solidified portion of the sample below. 
Length of the mushy zone extending from the alloy Eutectic temperature to its liquidus 
temperature is determined by the imposed thermal gradient. The solidification time is 
determined by the imposed thermal gradient in the mushy-zone and the growth speed at 
which the sample is withdrawn from the furnace. Morphology of the solid phase within 
the mushy zone resembles a tree with side-branches. The tree-stem is called “primary 
dendrite”, its side branches called “secondary dendrites” and the branches off-of 
secondary are called “tertiary dendrites”. The size, spacing, and shape of this mushy-zone 
3 
 
dendritic array is a function of alloy composition and its thermophysical properties, 
thermal gradient and the growth speed. The positive thermal gradient makes the hot melt 
with lower density to locate on top of the cooler melt with high density.  Thus the thermal 
profile alone is stabilizing against natural convection. However, the thermodynamic 
liquid-solid phase equilibrium requires that composition of the liquid in the mushy zone 
vary from eutectic at the bottom of mush to the solute content of the alloy at the array 
tips. Depending upon the alloy composition the combined thermal and solutal effects can 
create an interdendritic melt density profile which is either stabilizing or destabilizing 
against natural convection.   
 
Alloys with solute being less dense than solvent: For alloys where increasing solute 
content results in reduced melt density, such as Pb-5% Sb and Pb-20% Sn, the 
interdendritic melt composition profile results in a density inversion because the solute 
rich lower density melt is below and the solute poor heavier melt is on top as 
schematically shown in Figure 2. This causes convection. The resulting convection not 
only influences the morphology and distribution of primary dendrites, it can also result in 
severe macrosegregation along the sample length [1] and its cross-section [2].  A typical 
defect resulting from such convection, called “freckles” is shown in the transverse image 
of a directionally solidified Pb-Sn alloy (Figure 3).  
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Figure 2. Typical longitudinal dendrite microstructure in the quenched mushy zone 
during directional solidification of Pb-10 wt pct Sb alloy; schematic view on the right 
side shows the corresponding phase diagram, imposed thermal profile and the resulting 
composition and density profile within the two-phase mushy zone.   
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Figure 3. Typical channel segregates (freckle) in a directionally solidified Pb-Sn alloy.   
Alloys with solutes more dense than solvent: Alloys such as Al-5 wt% Cu are expected 
to result in solutally stabilizing interdendritic melt profile during directional solidification 
(density Al: 2.70 g/cm
3
 Cu: 8.92 g/cm
3
. However, such alloys in the presence of any 
transverse thermal gradient readily produce a curved liquid-solid interface (convex 
towards the liquid) because of the solute rich heavier liquid flowing down along the array 
tips melting them down. This phenomenon is called “dendrite steepling” or “dendrite 
clustering” [3]. 
Alloy with solute having nearly the same density as the solvent: There are limited 
alloy compositions where the solute is of approximately the same density as the solvent. 
Lead rich Pb- Pd [4] and aluminum rich Al-Si [5] are two such alloys.  
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1.1.3. Dendritic Monocrystals: Directional solidification of alloys in a controlled 
thermal gradient results in solidifying grains being aligned along the growth direction 
(heat extraction direction). Such microstructure result in improved high temperature 
creep properties which are especially useful for gas turbine blade components 
(Figure.4[6]).Single crystal dendritic components are obtained by controlling the 
solidification processing such that only one grain is allowed to enter the mould and grow 
into the solidified component. This is carried out by placing the ceramic investment 
casting hollow bottom shell on a “quench block” kept at the bottom (Figurea.5 [6]). The 
melt poured into the pre-heated ceramic shell falls directly on the quench block causing 
nucleation of many randomly oriented grains. A narrow “helix” channel joining the shell 
bottom with the rest of the shell designed to replicate the shape of the single crystal 
turbine blade, allows only the most rapidly advancing dendrite to enter the cavity above. 
Dendrites having their [100] direction parallel to the heat extraction direction tend to 
grow fastest and lead others whose [100] is not aligned with the heat-extraction direction.  
For properly designed investment casting shells this results in only one [100] oriented 
grain to enter the mould, spread and take the shape of the component. Since the liquid on 
top is always kept above the melting point of the alloy no stray grains are expected to 
nucleate and the entire casting is expected to be a single crystal with [100] being parallel 
to its length. Formation of any misaligned spurious (stray) grain in such component is a 
major cause of concern because these degrade mechanical properties and can lead to 
early failure of turbine blade with devastating consequences. Formation of “spurious” 
stray grains, however, remains a serious problem in turbine blade casting industry. One 
purpose of our research is to examine the role of convection in formation of such 
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misaligned spurious grains during single crystal dendritic directional solidification of 
metallic alloys. 
 
 
Figure 4. A Turbine blade solidified as (a) equiaxed grains (b) columnar grains (c) a 
single crystal grains (d) Dendritic microstructure of the single crystal turbine blade is 
represented in the enlarged view [6].Note: Dimensions of the Microstructure: 120 -180 
µm.  
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Figure 5. (a) Mono-crystal turbine blade with a spiral grain selector; (b) illustration of 
grain selection in the spiral grain selector [6].Geometry of Spiral used in this study are 
[20]: Diameter of the Base: 20 mm, Thickness of the Spiral (dT): 3 – 5 mm, Diameter of 
Spiral (dS): 12 – 15 mm, corresponding pitch length of spiral: 6.5 – 50 mm, Angle of the 
spiral =  20 
0  
- 70 
0 
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1.2. Theoretical models describing dendritic arrayed directional 
solidification of alloys 
Several Theoretical models have been proposed to study cell and dendritic primary 
spacings as a function of solidification parameters (Growth velocity (V), Thermal 
gradient in the melt at the tip (Gl), Alloy composition (Co)). Following are some of the 
well recognized analytical and numerical models developed to predict the primary 
dendrite arm spacing: Hunt (Analytical [7]), Kurz – Fisher (Analytical [8]), Trivedi 
(Analytical [9]), Hunt–Lu (Numerical [10, 11]). Here we have used the predictions from 
the Hunt-Lu model to compare our experimental observations with theoretical 
predictions. Hunt and Lu model predicts for cellular and dendritic arrayed growth the 
primary arm spacings, array tip undercooling, and transition between the two types of 
array, cellular and dendritic. The model predicts the stable range of spacings for cells and 
dendritic growth, and it was found to have predicted experimentally observed spacings 
well for both the low and high growth speeds. The analytical equations resulting from the 
detailed numerical analysis are simple and can be used to compared with the 
experimental results. 
In the Hunt-Lu (HL) model, the dimensionless under cooling 0/' TTT  and 
primary spacing ' / ( )T k0 , are calculated as function of three dimensionless 
parameters G G k T' / 0
2
, V V k D T' / ( )0 , and k C CS L/ , where 
T mC k k0 0 1( ) / . 
Here m is the liquidus slope, k the solutal partition coefficient, D the diffusion coefficient 
in the liquid, V the growth speed, G the effective thermal gradient, Γ the capillarity, is 
the primary spacing, ∆  is the freezing range ,  , , and  are the dimensionless 
parameters: undercooling, Primary spacing, thermal gradient, Growth speed. 
10 
 
 HL dendrite model 
  1. Dendrite solute undercooling and tip composition 
T
G
V
aV a VS
c
b b' .
'
'
' ( ) '1 1 2  
Where a k k8 734 5930 0 257810 10
2. . log ( ) . [log ( )]  
 b k k0 4307 01656 10 0 04455
3
10 10
2. . log ( ) . [log ( )]  
c G G
G
1454 0 2735 0 04145
01882 10
10 10
2
2
10
3
. . log ( ' ) . [log ( ' )]
. [log ( ' )]
 
From dendrite solute undercooling, we can calculate tip  
Composition Ct using following equation: 
C C T T mt s0 0
' /  
2. Curvature undercooling and tip radius 
51.0' )''(41.0 GVT  
From curvature undercooling, we can calculate  
tip radius  using the following equation: 
)/(2 0
' TT  
3. Primary Spacing 
' . ' ( ' ' ) '( . ) . .015596 0 75 0 75 0 6028V V G Ga  
  Where a G G1131 01555 0 7589 1010
2
10
2. . log ( ' ) . [log ( ' )]  
   Note ’ is dimensionless.  
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Table 1 below lists dendrite-tip radius ( m), tip composition of solid (wt% Si), and 
primary spacing ( m) calculated from Hunt_Lu model for Al-7 wt% Si alloy growing at 
40 K/cm at growth speeds ranging from 2 to 50 micro-m/s, m = 6.62 K/wt pct, k =0.13, 
D=5X10
-5 
cm
2
/s and Γ =0.12  micro-m K, (1-s*) is the gradient of constitutional 
supercooling. 
Table 1. Predictions from the Hunt-Lu model for dendrite array 
 (Al-7%Si alloy, 40 K/cm). 
V (µm/s)    1-s*     Tip radius (µm)   Tip comp (wt % Si)    Primary spacing (µm) 
2.     0.910  16.5    1.53        691  
5.     0.926  10.3       1.44        376         
10.    0.932  7.2        1.42        230     
20.    0.935  5.0        1.42        140  
40.    0.936  3.5        1.44        85  
60.    0.937  2.9        1.45        63        
The effective thermal gradient of 0.003415 K/cm is used. 
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1.3. Purpose of this Study: The purpose of this study is to carry out directional 
solidification of Al-7 wt% Si alloy to produce dendritic single crystal array growing 
along [100] direction and examine the microstructure and processing parameter (mainly 
growth speed) relationship. Directional solidification behavior of this alloy has been 
investigated in the literature [5]. However, growth behavior of “dendritic monocrystals” 
has not been examined. Al-7wt% Si alloy was selected for experimental study because 
the density of Al, (2.70 g/cm
3
 ) is approximately the same as the density of Si, (2.32 g 
/cm
3
). Therefore this alloy is likely to cause very little density inversion induced 
convection during directional solidification in a positive thermal gradient. These 
experiments were also used to generate terrestrial experiment data in order to support the 
low-gravity directional solidification experiments to be carried out on-board the 
International Space Station. Detailed analysis of primary dendrite spacing, orientation 
and distribution has been carried out for this alloy. The second purpose of this study was 
to examine the translation distances required to achieve “steady-state” growth array 
morphology after a “step-increase” or a “step decrease” in the growth speed. The third 
purpose of this study was to examine if “spurious/misaligned” grains can form during 
steady-state directional solidification of [100] dendritic array. The Al-Si alloy phase 
diagram [12] is shown in Figure 6. Table 2 presents a summary of the physical properties 
of this alloy system [13]. 
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Figure 6. Al-Si phase diagram. 
Table 2: Thermophysical Properties of Aluminum - 7 wt % Silicon Alloy 
1) Liquidus Temperature (Tl  C)  614 
2) Liquidus Slope (m (α), K/wt %)  6.62 
3) Solute partition coefficient (k (α))  0.13 
4) Eutectic Temperature (Te  C (K))    577(850) 
5) Eutectic Composition (Ce, wt %)  12.6 
6) Heat of Fusion (∆hf, J/m
3
)  -9.5*10
8 
7) Entropy of Fusion (∆Sf, J/m
3
 k)  -1.02*10
6
  
8) Gibbs-Thomson Coefficient ( г, µmK)   0.12  
9) Solutal Capillary length (m)   2.9*10
-9 
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CHAPTER II 
 
 EXPERIMENTAL PROCEDURE 
2.1. Bridgeman Furnace and Directional Solidification 
Figure 7 shows the Bridgman directional solidification apparatus used for directional 
solidification (DS). It consists of three zones, the Hot Zone (TH), Adiabatic Zone and 
Cold Zone (TC) as shown schematically in Figure 8. As shown in Figure 7 an RF 
induction power source is used to couple a graphite susceptor kept within an alumina tube 
to create a hot-zone which is approximately 15 cm long and 2.5 cm ID. A refractory disk 
(about 1.2 cm thick) kept at the bottom of the hot-zone works as the adiabatic zone. The 
graphite crucible containing the Al-Si alloy sample is cooled by radiation to the ambient 
as it exits the DS furnace assembly. The temperature in the hot-zone is above the melting 
point of the alloy, where as in the bottom cold-zone it is below the melting point of the 
alloy. The thermal conditions are adjusted such that the solid-liquid interface lies in the 
adiabatic zone. This makes the liquid-solid interface flat (un-curved) by providing axial 
heat extraction at the bottom, while maintaining axial heat-flux from the top. Thermal 
Gradient at solid – liquid interface can be controlled by varying the thickness of the 
Heating zone (TH) and Cooling Zone (TC). Once the thermal profile is stabilized the 
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directional solidification experiment is carried out by withdrawing the ampoule 
downward by the help of a DC servo-motor at the desired growth speed (V).  
The Al –7 wt pct Si alloy was prepared from 99.99 % pure Aluminum (Al) and 99.99 % 
pure Silicon (Si) by melting together in an argon atmosphere and pouring into quench 
blocks to yield 20 to 30 cm long and 9-mm diameter as cast feed-stock for subsequent 
directional solidification in our lab. These as cast feed rods were supplied by Dr. Men G. 
Chu, Technical Fellow-Solidification Technology, ALCOA Technical Center, Pittsburgh, 
PA. The chemical analysis of these feed-rods carried out by ALCOA Technical Center is 
presented below. 
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The Al –7 wt pct Si feed stock sample was placed on a pure aluminum single crystal seed 
with [100] crystallographic orientation in a cylindrical graphite crucible (9 mm ID). The 
hot-zone temperature was slowly and carefully raised to re-melt the feed-stock bar such 
that only a portion of the [100] oriented seed melted and fused with the rest of the melt 
above. The graphite crucible was then withdrawn at various growth speeds to 
directionally solidify the Al-Si alloy in a 10
-3
 mm diffusion pump vacuum environment.   
 
 
Figure 7.  RF heated Directional solidification furnace. 
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Figure 8. Schematic View of a Bridgman Furnace and the Temperature profile. 
2.2. Temperature Profile during the directional solidification 
Temperature profiles along the sample length were measured by three chromel-alumel 
thermocouples (Tc1, Tc2, and Tc3) located out-side the graphite crucible along the 
crucible length. The thermocouple tips were embedded into and in contact with the 
graphite as shown in Figure 9. Figure 10 shows the temperature profiles recorded by the 
three thermocouples with the hot-zone Temperature at 685
0
 C during the directional 
solidification of Al – 7 wt pct Si alloy at various growth speeds. This has been indicated 
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for DS-11-13 sample, which was grown at 4 m/s before introducing a step-increase in 
the growth speed to 85 m/s and followed by a step decrease in speed to 31 m/s. The 
growth speed, translation distance, and step speed increase and decrease location details 
for the two samples DS 11-13 and DS 11-18 which were directionally solidified at 40 
K/cm are presented in the Results and Discussion Section 3.1. 
 
 
Figure 9. Graphite crucible used for directional solidification, the three imbedded 
thermocouples, and the locations along the crucible length when various growth speeds 
were used.  After seed remelting directional solidification was carried out at 4.2, 85, and 
31 m/s.  
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The temperature profile recorded by the three thermocouples during directional 
solidification are shown in 10 corresponding to the location just ahead of the dendrite 
array tips in the melt ahead of the array (near the liquidus temperature of the alloy). The 
gradient (Gl) in the melt at the tip  recorded by the three thermocouples was 42, 41 and 38 
K/cm. This suggests that a steady state thermal profile of about 40 K/cm was maintained 
during the directional solidification in the speed range of 4 to 85 m/s 
 
examined in this 
study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Thermal profiles as recorded by three thermocouples (TC1, TC2 and TC3) 
located along the graphite crucible length. The three thermocouples were positioned such 
that they traversed the array tips when DS was being carried out at 4.2 and 85 m/s.  
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2.3. Specimen Preparation and Metallography 
Following procedure was followed during the specimen preparation and Metallography. 
Two longitudinal scratches, one sharp and one slightly less sharp were machined on the 
outer surface of the directionally solidified samples along their entire length. These 
scratches, as will be seen later, allowed us to orient the transverse section images along 
the sample length with respect to each other so that dendrite array morphologies 
corresponding to an identical location on the sample cross-section can be compared along 
the DS length.  
Cutting: The directionally solidified sample (Al – 7 wt % Si) was pulled out from the 
graphite crucible. The various locations along the sample length corresponding to the 
various growth speed changes were identified. Transverse slices were cut along the 
sample length with thickness of about 3.8 mm for metallographic examination.  
 
Mounting: The sliced samples were hot mounted using a thermosetting epoxy with the 
help of mounting press at appropriate molding temperature & pressure given below. 
 
Resin Temperature Pressure Curing Time 
Phenolic 100 – 120 degrees 21 Mpa 5 Minutes 
 
 
Grinding&Polishing:  The mounted samples were inserted into the circular disc of the 
Buehler automatic grinder and polisher, and were ground and polished under the 
following conditions. 
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Grade Force/Sample Time(min) RPM 
400(Grinding) 3 lbs    1 120 
600(Grinding) 3 lbs    1 120 
800(Polishing) 3 lbs    2 120 
1200(Polishing) 3 lbs    2 120 
0.05 µm( Fine Polishing) 4 lbs    8  120 
 
Etching: The polished samples were some-times etched to create better contrast than the 
as polished surface. The etchant was made up of 190 ml of distilled water, 2ml of 
Hydrochloric acid, 5 ml of Nitric acid and 2 ml of Hydro fluoric acid.  The cotton swab 
was placed in the etchant solution for soaking. The polished surface was then rubbed 
gently with the cotton swab for about 5 to 10 seconds and the sample was placed under 
the cold water stream.  
Imaging:  The Etched Samples were placed on the optical microscope and with the help 
of HL Image++ 98 software the optical images were taken at 50-X magnification. 
Usually 60 to 70 optical pictures were required to cover the entire cross-section of the 9-
mm diameter samples in order to manually construct the montage using Paint Shop Pro 
software. 
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2.4. Image Analysis 
2.4.1. Nearest neighbor spacing using center of mass of primary 
dendrites: The Nearest Neighbor Spacing values were measured on the transverse 
section of the sample. The BMP image was reduced to 50% of its size and then opened in 
the Sigma Scan Pro 4.0 image analysis software. With the help of the options available in 
the “measure” menu list center of mass X and Y were added into the dialogue box and 
the corresponding X and Y values were measured by marking the centers of dendrites, as 
shown in Figure 11&12. The marked values are stored in the sigma scan pro worksheet as 
(x, y) Co-ordinates. The data in the form of (x, y) is compiled with the help of a C-
program to find out the nearest neighbor distance between the dendrites. The program 
used to calculate the nearest neighbor distance is presented in Appendix. 
 
2.4.2. Primary dendrite trunk diameter: The original BMP image was opened 
in the Sigma Scan Pro 4.0 image analysis software. With the help of the options available 
in the “measure” menu list distance was added into the dialogue box and the 
measurement of trunk mean diameter was done by drawing two perpendicular lines from 
one end of the dendrite trunk (from eutectic on one side to the eutectic region on the 
other-side as indicated by the red colored crosses in Figure 13. Approximately 100 – 175 
measurements were recorded for each montage to obtain the mean and standard deviation 
of the primary dendrite trunk diameter.  
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Figure 11. Transverse microstructure of an Al–7 wt % Si alloy, showing the center of 
mass (x, y) points typically used for image analysis in sigma scan pro. The marks were 
originally 1-pixel in size, in this image they have been dilated for clarity. 
 
 
 
24 
 
 
 
 
Figure 12. Center of mass (x, y) distribution of dendrites which were electronically 
recorded during the image analysis with the help of sigma scan pro. The marks were 
originally 1-pixel in size, in this image they have been dilated for clarity. 
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Figure 13. Transverse Microstructure of an Al – 7 wt pct Si Alloy showing the 
measurement of primary dendrite trunk diameter. Growth Velocity = 72 µm/s, Thermal 
Gradient = 40 K/cm. The marks were originally 1-pixel in width, in this image they have 
been dilated for clarity. 
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2.4.3. Minimum Spanning Tree (MST):A minimum spanning tree is obtained by 
connecting all the center of mass values which are obtained from the image analysis as 
shown in Figure 14. It represents the shortest total distance by connecting all the nodes, 
without having any closed loop. The center which is nearest to the other dendrite is 
located and joined to form network and this process is repeated until all the centers of 
dendrites are connected to the minimum spanning tree. Mean and standard deviation 
values of the branch lengths obtained during this analysis can be compared with the 
dendrite and nearest neighbor spacing results. Dussert et al [14] showed how to normalize 
the parameters,  and , m and  where m =    and  =     
 
Figure 14. Typical plot of minimum spanning tree (MST) for an Al – 7 wt pct Si Alloy 
directionally solidified at growth speed of 72 µm/s  and thermal gradient of 40 K/cm 
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2.4.4. Voronoi polygon: Vornoi polygon is a complex tessellation, in which group of 
polygons cover the entire plane without any gap and overlap, shortest distance between 
the particular points is represented by a tile. During this analysis, the points are located; 
perpendicular bisectors were drawn passing through the midpoint of line segments which 
joins the two center points. The area enclosed by each point represents the smallest 
convex polygon and total number of sides of a Voronoi polygon represents the number of 
nearest neighbors. This method is useful in studying the disorder for cellular/dendritic 
distribution and this technique is analogous to the Wigner – Seitz construction which has 
been used previously to study the frequency distribution for cellular/dendritic 
microstructures [15]. 
 
 
Figure 15. Voronoi Polygon for an Al – 7 wt pct Si Alloy directionally solidified at 
growth speed of 72 µm/s and thermal gradient of 40 K/cm 
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2.4.5. Grain orientation and grain boundary analysis: Assuming that all the primary 
dendrites within one grain have identical orientations, i.e., their secondary side-arms 
(crosses) will have identical orientations within the grain the grains with various 
orientations were identified on any given cross-section, as typically shown in Figure 16 
below. Here G1, G2, G3, G4 and G5 grains have been marked by red boundaries. The 
two scratch marks, one sharp and the other one blunt made on the sample surface along 
its length show-up as black marks on the periphery. Cross-section images were always 
aligned such that the sharp-crack was at the 90
o
 location in the montage. 
 
 
 
 
Figure 16. Grain orientation distribution across a typical cross-section of an Al- 7 wt pct 
Si alloy directionally solidified at growth speed of 72 µm/s and thermal gradient of 40 
K/cm. 
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Competition among the directionally solidifying grains was examined by carefully 
examining grain boundary displacement along the sample DS length on successive serial 
cross-sections by drawing the grain boundaries in the Sigma Scam Pro software. The 
BMP Image was opened in Sigma Scam Pro and a grain boundary was drawn using the 
drawing tool which generates corresponding OV files. Using different colors to draw the 
boundaries of any one grain on several consecutive cross-sections horizontal 
displacement in the grain-boundary for any grain can thus be visualized as shown in 
Figure 17 below. The corresponding OV files drawn on several sections need to be added 
together using Paint Shop Pro to generate an image such as Figure 17.  The white arrow 
shows the translation of one typical grain along the directional solidification distance of 
about 5-cm. 
 
Figure 17. A typical grain displacement during directional solidification of an Al - 7 wt 
pct Si alloy grown at 72 µm/s at 40 K/cm over a growth distance of about 5-cm. The 
corresponding locations along the DS length are indicated above as 2.52, 3.66, 4.8, 6.32 
and 7.46 cm. 
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CHAPTER III 
RESULTS & DISCUSSION 
3.1. Growth Speed Dependence of DS Microstructure 
Figure 18 (a) and (b) show a schematic view of the two directionally solidified samples, 
11-13 and 11-18. It indicates the exact locations where the sudden growth speed change 
was introduced, either as a step increase or step decrease.  For example 11-13 was 
directionally solidified at 4.2 m/s for 6.4 cm, its speed was stepped-up to 85 m/s and 
maintained for 8-cm, the speed was then stepped-down to 31 m/s and maintained for 6.2 
cm when rest of the sample was rapidly pulled-out from the furnace. The sample 11-18 
was directionally solidified at 72 m/s for 7.3 cm, its speed was stepped-down to 4.85 
m/s and maintained for 6.7-cm, the speed was then stepped-up to 22 m/s and 
maintained for 6 cm before it was rapidly pulled-out from the furnace. As indicated in the 
experimental procedure section about 3.8 mm thick slices were cut from other portions of 
the sample. Approximately 2-cm long pieces at a location corresponding to the 
immediate vicinity of the speed-change were used for serial sectioning and examination 
of transverse microstructures at much closer distances; 300 – 500 m. Table 6&7 in the 
appendix  compiles the sample identification for each transverse section vs. its distance 
from the start of DS.  
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  A - end      1   Sample: - 11_13 
    2 
 
 
                  Growth Speed (V):- 4 µm/s   
                                                               6.4 cm   
 
         15 
 
      16  2.0 cm 
 
      17     
 
Growth Speed (V): - 85 µm/s    
                                                               8 cm  
     32 
   33   
     2.1 cm  
Growth Speed (V): - 31 µm/s     34  
                                                             6.2 cm   
  
    44   
    
        45  2.0 cm  
 
Figure 18(a): Typical Schematic View of Al – 7 wt % Si Alloy (11_13 Sample) which 
was directionally solidified at various Growth Speeds. 
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  A – end             1      Sample: - 11_18 
   Seed             2 
 
   
                                                                         7.3 cm 
Growth Speed (V): - 72 µm/s 
         18 
               2 cm   
             19 
  
             20 
 
                                                                     6.7 cm  
 
Growth Speed (V): - 5 µm/s 
     31 
  
    32  2.1 cm  
           33 
                 
                                                                           6 cm 
Growth Speed (V): - 22 µm/s
 
                 42 
          43  2.cm 
Figure 18(b): Typical Schematic View of Al – 7 wt % Si Alloy (11_18 Sample) which 
was directionally solidified at various Growth Speeds.          
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Table 3: Experimentally Determined statistical Measures of the Al – 7 wt % Si Alloy  
Directionally Solidified  at 40 K/cm 
 
  
 
SAMPLE 
ID 
 
 
V 
 
µm/s 
 
 
No 
Dendrites 
 
VORNOI POLYGONS 
 
MST DATA 
 
 
  4 
 
 
  5 
 
   
 6 
 
 
7 
 
 
8 
 
 
9 
 
  
Mean 
 
 
Std 
Dev 
 
 
Skew 
-ness 
 
11_13_17 
 
85 
 
117 
 
9 
 
31 
 
26 
 
13 
 
3 
 
5 
 
101  
  
0.63 
 
11_13_32 
 
85 
 
164 
 
17 
 
40 
 
36 
 
36 
 
3 
 
4 
 
84.50  
  
1.05 
 
11_13_34 
 
31 
 
127 
 
11 
 
37 
 
32 
 
16 
 
4 
 
4 
 
87.0  
  
2.15 
 
11_13_44 
 
31 
 
124 
 
11 
 
31 
 
32 
 
15 
 
4 
 
4 
 
92.80  
  
1.57 
 
11_18_01 
 
72 
 
140 
 
9 
 
41 
 
34 
 
25 
 
4 
 
4 
 
97.70  
  
0.37 
 
11_18_18 
 
72 
 
175 
 
10 
 
39 
 
57 
 
23 
 
5 
 
5 
 
89.80  
  
0.40 
 
11_18_33 
 
22 
 
95 
 
5 
 
23 
 
43 
 
12 
 
1 
 
- 
 
117.70  
  
1.96 
 
11_18_42 
 
22 
 
105 
 
8 
 
23 
 
32 
 
13 
 
3 
 
2 
 
113.70  
  
0.67 
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3.1.1 Transverse Microstructure of Seed Portion: Figure 19 shows a 
transverse view of the “seed portion” of the sample. The primary dendrites are well 
defined with secondary and tertiary branches. The primary spacing is about 480  m.  
 
 
Figure 19. Transverse microstructure of the seed portion of the 11_18_01 sample just 
below the location where the DS at 72 µm/s was started for the Al – 7 wt. Pct Si Alloy 
directionally solidified at 40 K/cm (11_18_01 (seed)). 
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3.1.2. Steady-state Microstructures: Figures 20-22 present transverse 
microstructures across the entire sample cross-section at low to high growth speeds. The 
micrographs identify the samples as 11-13 or 11-18, and also identify the locations of the 
transverse images, i.e. the distance from the onset of directional solidification.   These 
transverse images are at least about 4-cm away from the growth speed change, and 
therefore represent typical steady-state morphology corresponding to the particular 
growth speed.  
Low Growth Speed: Figure 20 shows transverse microstructures for two typical samples 
directionally solidified at 4 and 5 m/s respectively.  At these speeds the primary 
dendrites show side-branches, however, the side-arms are not well defined. There is also 
transverse macrosegregation present, as indicated by more interdendritic eutectic and less 
primary dendrites seen in regions closer to the sample periphery.  The primary array 
morphology resembles a microstructure that would be expected from alloys containing 
solutes which increase the melt density, such as, Al-5wt% Cu ; such a morphology  has 
been referred to as “dendrite Steepling or dendrite clustering” in the literature[3].  These 
regions also show presence of “misaligned side-branches”, i.e. the crosses formed by the 
secondary branches are not symmetrical. Such a micro structural inhomogeneity can be 
caused by “natural convection”. It will be interesting to grow a sample under these 
identical thermal processing conditions in the absence of gravity, and hence natural 
convection, and compare the two microstructures. However, even at these low thermal 
gradients and growth speeds which promote “channel segregate” formation in Pb-Sn 
alloys (Figure 3), there is no such segregation present in Al-7% Si alloy.  Because the 
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density of Al is approximately same as the density of Si, due to this density inversion 
which is caused by convection is very less when compared with the Pb – Sn.  
 
 
            Figure 20(a). (11_13_14)    Figure 20(b). (11_18_29) 
Figure 20. Transverse microstructure of Al – 7 wt % Si alloy directionally solidified at 40 
K/cm at a range of growth speeds. a) 11_13_14: 5.94 cm of DS length, V = 4 µm/s  
b) 11_18_29:  4.42 cm of DS Length, V = 5 µm/s. 
Intermediate Growth Speed: Figure 21 presents transverse microstructures for two 
typical samples directionally solidified at intermediate growth speeds of ~22 and 31- 
m/s respectively. The primary dendrites are significantly better defined with well-
branched side-arms and tertiary arms at these growth speeds and there is no gross 
morphological in-homogeneity across the sample cross-section.  Primary dendrite “trunk” 
also appears to be much smaller than at the lower growth speeds of 4-5 m/s, i.e. the 
primary trees are fatter at lower growth speeds.  
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             Figure 21(a): (11_18_42)     Figure 21 (b): (11_13_44) 
Figure 21: Transverse microstructure of Al – 7 wt % Si alloy directionally solidified at 40 
K/cm at intermediate growth speeds. a) 11_18_42:  4.42 cm of DS length, V = 22 µm/s 
(b) 11_13_44:  4.80 cm of DS length, V = 31 µm/s 
 
 
 
 
 
 
 
38 
 
 
High Growth Speed: Figure 22 presents transverse microstructures for two typical 
samples directionally solidified at High growth speeds of ~72 and 85 m/s respectively. 
  
Figure.22 (a): 11_13_32    Figure.22 (b): 11_18_18 
Figure: 22.  Transverse microstructure of an Al – 7 wt. Pct Si Alloy directionally 
solidified at 40 K/cm at high growth speed, a) (11_13_32), V = 85 µm/s, 6.70 cm of DS 
length from the Speed change b) 11_18_18, V = 72 µm/s, 7.46 cm of DS length from the 
speed change. 
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3.2. Growth Speed Dependence of Primary Dendrite Spacing 
Figure 23 plots the growth speed dependence of primary dendrite spacing for Al-7 wt% 
Si alloy directionally solidified at 40 K/cm in a range from 22 to 85 µm/s. The array 
morphology at 4-5 m/s did not allow us to precisely mark the centers of each primary 
dendrites hence for these samples the spacing could not be determined. There are three 
measures of the primary spacings plotted in this graph. The red square symbols represent 
the mean and standard deviations obtained from the minimum-spanning tree (section 
2.3.3). The blue triangular symbols indicate the mean nearest neighbor spacing and its 
standard deviation, and the large black filled circles denote the dendrite spacing 
calculates as, , where N is the number of dendrites present on the entire sample 
transverse cross section area (A). The small black dots indicate the spacing values 
theoretically predicted from the Hunt-Lu model. The procedure of determining spacing 
by , assumes a square array of primary dendrites, which as will be seen later is not 
valid for these arrays. These values are indicated in this figure because this is the 
“traditional” way of measuring and reporting the primary spacing by the solidification 
community and would allow one to compare literature reported values with our 
experiments.  
Primary spacing decrease with increasing growth speed. The minimum-spacing tree 
values are slightly larger than those measured by just considering the mean nearest-
neighbor distance. It is interesting to note that the theoretically predicted values from 
Hunt-Lu model are consistently lower than those observed experimentally. This 
observation is unusual;  all the literature reported data indicate that the Hunt-Lu model 
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generally over predicts the primary arm spacing observed during directional solidification 
on earth because it includes only diffusive mass-transport in its analysis and does not 
account for any convection present [10,11]. This has been observed in directionally 
solidified Al-Cu [3], Pb-Sn [2], and Pb-Sb [1] alloys.  The reason for this discrepancy is 
not clear at this stage. 
 
 
 
 
 
 
 
 
 
 
 
Figure 23.  Growth speed dependence of primary dendrite spacing in Al-7 wt% Si alloy 
directionally solidified at 40 K/cm. The larger black circles represent the mean value 
obtained from , where N is the number of dendrites across entire cross-
section area A. The red color squares represent the MST spacings, and blue color 
triangles represent the nearest neighbor spacing.  The small black symbols represent the 
predictions from Hunt – Lu Model.  
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3.3. Growth Speed dependence of Primary Dendrite Trunk Diameter 
Figure 24 plots the growth speed dependence of primary dendrite trunk diameter for Al – 
7 wt % Si alloy directionally solidified at 40 K/cm in a range from 22 to 85 µm/s. The 
array morphology at 4 – 5 µm/s did not allow us to measure the primary dendrite trunk 
diameter hence for these samples the measurements were not recorded. 
 
 
 
Figure 24: Comparison of Growth speed dependence of primary dendrite trunk diameter 
for an Al – 6 and 7 wt% Si Alloy directionally solidified at 40 and 50 K/cm. 
The plot consist of closed black circles which represent the mean value of primary 
dendrite trunk diameter for an Al – 7 wt % Si alloy at 40 K/cm, and the open circle 
symbols represents the mean value of primary dendrite trunk diameter for an Al – 6 wt % 
Si alloy at 50 K/cm (Reported by Dr. Richard Grugel – NASA – Marshall Space Flight 
Center, Huntsville, AL). The Primary dendrite trunk diameter decreases with increase in 
growth speed. However, the steady state measured primary dendrite trunk diameter 
values for an Al – 7 wt % Si Alloy at 40 K/cm are smaller when compared with an Al – 6 
wt % Si Alloy at 50 K/cm. 
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3.4 Comparison of Primary Dendrite Spacing with Primary dendrite 
Trunk Diameter 
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Figure 25: Comparison of primary dendrite spacing with primary dendrite trunk diameter 
for an Al – 7 wt % Si alloy directionally solidified at 40 K/cm. The larger black circles 
represent the mean value obtained from , where N is the number of dendrites 
across entire cross-section area A. The red color squares represent the MST spacings, and 
blue color triangles represent the nearest neighbor spacing.  The small black symbols 
represent the predictions from Hunt – Lu Model. 
Figure 25 shows the Primary dendrite spacing as a function of primary trunk diameter for 
the growth velocities of 85,72,31,22 µm/s, which shows that primary dendrite spacing is 
increasing with increase in Primary trunk diameter. The correlation between primary 
dendrite spacing and primary dendrite trunk diameter is interesting because of the 
dependent on the growth speed, the transverse microstructure obtained at the intermediate 
growth speed of 22, 31 µm/s  and high growth speed of 85, 72 µm/s  (section 3.1.2). The 
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primary dendrite trunk appears to be fatter at intermediate growth speeds, with the total 
number of dendrites = 105, the primary spacing and trunk diameter values are higher, 
Whereas the primary dendrite trunk appears to be smaller at high growth speed of (85, 72 
µm/s), with increased number of primary dendrites (164), the primary spacing and 
primary dendrite trunk diameter values are smaller. However, in order to validate the 
relationship between primary arm spacing and primary trunk diameter, there is no 
adequate explanation in the literature about the growth speed dependence of primary 
dendrite spacing and primary dendrite trunk diameter not only in various systems but also 
on different experimental conditions(G,V,C0) [9].  
3.5 Ratio of Primary Dendrite Spacing / Primary Dendrite trunk 
Diameter 
Figure 26 (a) plots the ration of primary dendrite arm spacing to the primary dendrite 
trunk diameter with respect as a function of various growth speeds for an Al – 7 wt % Si 
Alloy directionally solidified at 40 K/cm. It is interesting to note that the ratio is not 
constant. Based on these limited data it appears that the primary spacing to trunk 
diameter is higher at high growth speed and lower at the lower growth speed. This 
behavior is unexpected because the trunk diameter is expected to be dependent upon the 
dendrite tip radius, higher tip radius would be expected to result in larger primary 
spacing. Figure 26(b) plots the theoretically predicted growth speed dependence of this 
ratio from the Hunt Lu model (Table. 1, section 1-2). It shows that the primary dendrite 
spacing to tip radius ratio will be expected to decrease with increasing growth speed. 
However, more experimental data need to be generated to confirm the experimental trend 
indicated by Figure 26(a).  
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Figure 26 (a). Experimentally observed primary dendrite spacing to dendrite trunk 
diameter ratio for an Al – 7 wt % Si alloy directionally solidified at 40 K/cm. 
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Figure 26 (b). Theoretically predicted primary dendrite spacing to dendrite tip radius ratio 
as a function of growth speed for Al – 7 wt % Si alloy directionally solidified at 40 K/cm 
(Table 1-Section 1.2). 
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3.6. Nearest Neighbor Distribution of Primary Dendrites 
Figure 27 plots the growth speed dependence of the frequency distribution of the number 
of nearest neighbors obtained from the Voronoi polygon type of analysis described earlier 
(section 2.4.4).  The corresponding growth speeds are listed in the inset. The number of 
nearest neighbors varies from ~4 to ~9, with the most frequent number as six showing a 
predominantly hexagonal distribution of dendrites.  
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Figure 27: - Frequency distribution of Number of Nearest Neighbors distribution of 
dendrites obtained from the Vornoi tessellation analysis for a range of growth speeds 
shown in the inset. 
Experimental data in the figure 27 shows that hexagonal distribution of dendrites is 
dominant, almost 40 % of the population, when compared with the 5 and 7 sided 
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polygons. The relative percentage of 4, 8 and 9 sided polygons are about the same for the 
various growth speeds. Figure 28 shows the Gaussian analysis for the nearest neighbor 
frequency distribution shown in Figure 27. It yields a mean nearest neighbor number as 
5.7±1.1. 
 
Figure 28. Gaussian fit to the data shown in Figure 26. The frequency (f) for the Gaussian 
fit curve is represented as F = , Where the  
Amplitude, A0 = 33.6,  
Mean, A1 = 5.7,  
Standard deviation A2 = 1.1. 
 
 
47 
 
Al - 7 wt pct. Si, 40 k cm
-1
(Growth speeds listed in the inset are in m s-1)
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Figure 29: Log normal distribution for Frequency distribution of Nearest Neighbor 
distribution of dendrites obtained from the Vornoi tessellation for a range of growth 
speeds shown in the inset. 
Log Normal  Distribution for the Number of Nearest Neighbor during Steady-State 
Directional solidification of Al-7% Si alloy at 40 K cm
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Figure 30: Gaussian fit Curve for the Log normal distribution of Number of Nearest 
Neighbors for steady state directional solidification of Al – 7 wt % Si alloy at 40 K/cm. 
Figure 30 shows the Gaussian fit to the lognormal distribution of number of nearest 
neighbors which shows that the curve is best fitted to the data points. The Corresponding 
Gaussian curve parameters are; A0 = Height of the peak, A1 = Peak center, A2 = Peak 
width. It can be seen that hexagonal distribution of dendrites are dominant when  
48 
 
compared with the 5 and 7 sided polygons, which is in agreement with the previous 
observation. 
3.7. Change in Primary Spacing with Step-increase and Step-decrease in 
Growth Speed 
3.7.1 Step increase in growth speed 
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Figure 31. Nearest neighbor spacing after the step increase in growth speed from 0 to 72 
µm/s  for Al – 7 wt pct Si Alloy at thermal gradient of 40 K/cm.  (This data corresponds 
to the samples: (11_18_01 to 11_18_18)). 
Figure 31 plots nearest neighbor spacing as a function of DS length after sudden increase 
in the growth speed from 0 to 72 µm/s during directional solidification of Al –7 Si alloy 
which was directionally solidified at 40 K/cm. This sample was then directionally 
solidified for 6.3 cm at a steady state growth speed of 72 µm/s.  The error bars represent 
the plus or minus of standard deviation from the mean. Nearest neighbor spacing 
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decreases from 470 µm to 390 µm over a distance of about 3 cm, before reaching its 
steady-state value of 390 µm.   Figure 32 shows a similar plot for a  
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Figure 32. Nearest Neighbor Spacing after the step increase in growth speed from 4 to 85  
µm/s  during directional solidification of an Al – 7 wt pct Si Alloy at thermal gradient of  
40 K/cm.(The data corresponds to the samples: (11_13_17 to 11_13_32). 
 
4 to 85 µm/s speed change. Here also about 4-cm of directional solidification is required 
before the primary spacing representing the new higher growth speed is achieved. 
Considering that the alloy has a 40 K freezing range and thermal gradient is 40 K/cm a 
mushy zone length of about 1-cm would be expected. The above two plots indicate that 3 
to 4 mushy zone length DS is required before reaching the steady-state primary dendrite 
spacing after a step increase from low to high speed. 
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3.7.2 Step decrease in Growth Speed 
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Figure 33.Nearest Neighbor Spacing distribution after the step decrease in growth speed 
from 85 to 31 µm/s during directional solidification of Al – 7 wt pct Si at 40 K/cm(The 
data corresponds to the samples: (11_13_34 to 11_13_44). 
Figure 33 shows the variations in nearest neighbor spacing as a function of DS length 
after sudden growth speed decrease from 85 to 31 µm/s for Al –7 wt pct Si directionally 
solidified at 40 K/cm. Due to considerable scatter in the spacing values and the smaller 
step decrease it is difficult to make any definite conclusion, but it appears that for this 
speed change also, 3 to 4 cm of additional DS is required to reach the new primary 
spacing distribution corresponding to the lower speed.  
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CHAPTER IV 
SUMMARY 
 
Following conclusions can be drawn from this study on dendritic directional 
solidification of monocrystals [100] oriented Al-7wt% Si alloy at 40 K/cm thermal 
gradient. 
1) There is significant convection present during directional solidification of Al-7 wt% Si 
alloy, despite the aluminum and silicon densities being similar (2.72 vs. 2.32 g/cm
3 
respectively). The interdendritic convection shows up as “transverse macrosegregation” 
and non-uniform distribution of primary dendrites on the transverse images. This is 
especially true at lower growth speed of about 5 m/s (Figure 20 (a, b)).  At higher 
growth speed such convection induced microstructure in-homogeneity is not present 
(Figure 21&22 (a, b)). It may be because for a given alloy composition and thermal 
gradient lower speeds not only produce more pervious mushy zone morphology (larger 
primary spacing) but also result in increased mushy-zone “freezing” time allowing more 
time for convection.  
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2) Increasing growth speed results in decreased primary spacing (Figure 23). This trend is 
seen for all the three measures of primary spacing, the “mean nearest neighbor spacing”, 
the “Mean Minimum Spanning Tree Branch Length”, and “the number of dendrites per 
unit area”. Such a trend expected from theoretical models [7, 8, 9, 10, and 11]. However, 
the theoretically predicted value from Hunt-Lu model is smaller than the experimentally 
observed spacing. This observation is perplexing, because most of the data present in the 
literature indicate that “primary spacing” values obtained during terrestrial directional 
solidification are usually smaller than the theoretically predicted values [17]. The low-g 
grown, processed in the absence of convection, samples have also shown larger primary 
spacing as compared with their counterparts directionally solidified in the presence of 
natural convection on earth [18].  
3) Dendrite-trunk diameter also shows a decrease with increasing growth speed.  
4) After a step increase or step decrease in growth speed, additional directional 
solidification for about 3 mushy zone lengths is required to achieve the steady-state 
redistribution of primary dendrite array corresponding to the changed speed. 
5) The primary dendrites show a dominant hexagonal distribution, i.e., frequency 
distribution of the number of nearest neighbors showing a normal distribution has a peak 
corresponding to six neighbors. This is in agreement with previously reported behavior of 
other metallic alloys [16]. 
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6) Based on limited number of observations it appears that spurious grains, having 
misoriented primary dendrites, can form during steady-state directional solidification. 
These grains appear to be concentrated mostly around the sample periphery. Formation of 
such grains has been reported during “severe cross-section changes” [19]. However, it 
appears that they form even during so-called steady-state directional solidification.  
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CHAPTER V 
RECOMMENDATION FOR THE FUTURE RESEARCH 
1) Low gravity directional solidification under identical alloy processing conditions is 
required to examine the role of convection. Such experiment will shed light on “growth 
speed dependence of primary dendrite spacing” in Al-7% Si alloy in the absence of 
convection. It is expected that the severe transverse macrosegregation seen on earth 
grown samples will be absent in the low-g grown samples if it is caused by natural 
convection. However, “the volumetric shrinkage driven convection” will still be present 
in low-g solidified samples, and it will be interesting to examine whether these shrinkage 
driven convection can also produce macrosegregation.   
2) More terrestrial DS experiments need to be conducted spanning several thermal gradients 
and growth speeds to establish if the primary dendrite spacing is related to its trunk-
diameter. 
3) A systematic study needs to be undertaken to investigate the nucleation, propagation and 
growth of spurious “misoriented” grains during directional solidification, whether during 
steady-state directional solidification or during “step-change” in growth speed, since this 
knowledge is of critical interest to manufacturers of single crystal super alloy turbine 
blades used in gas turbine engines. 
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4) The exact mechanism of “new primary dendrite formation” after a growth speed step 
increase or “primary dendrite elimination” after a growth speed step decrease is not 
understood. This requires quantitative micro-structural evaluation on samples which are 
directionally solidified under a range of processing conditions. 
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APPENDIX                                      
                                                                                                            
/* SNT_Program to determine "Neighbor_Spacing". NEAREST can be 1 (for 
nearest) and 6 (for average f 6 nearest) 
*/ 
 
#include <stdio.h> 
#include <conio.h> 
#include <stdlib.h> 
#include <math.h> 
#define DATASIZE 500  /*( Number of features in a picture) */ 
#define MAGNIFICATION 4.85437  /* For 50x (1000micro-m/358) */ 
#define NEAREST 1 
 
 
void main() 
{ 
 float xValue[DATASIZE], yValue[DATASIZE]; 
 int i = 0,j = 0,l,m, dataPoints =0, value; 
   float distance =0,dist[DATASIZE],sum,temp; 
   char c; 
   FILE *fInput; 
   FILE *fOutput; 
   FILE *fNearest; 
   /* File containing data points of the centre of mass from Sigma 
scan*/ 
   fInput = fopen("X_Y.txt","r"); 
   /*  file containing distances between  points for an image*/ 
   fOutput = fopen("dist.txt","w"); 
   /* file which acts as the source file for distances in the program 
to get the frequency distribution*/ 
   fNearest = fopen("dist.txt","r"); 
 
   if (fInput == NULL) /* Checking error in the input data file*/ 
    printf("\n The Input Data File does not exist"); 
   else 
   { 
    while (fscanf(fInput,"%f 
%f",&xValue[i++],&yValue[j++])!=EOF) 
      { 
         dataPoints++; 
         printf("%6.1f\t%6.1f\n",xValue[i-1],yValue[j-1]); 
      } 
    } fclose(fInput); 
    if (NEAREST >= dataPoints) 
      value = dataPoints-1; 
    else 
     value = NEAREST; 
    for (i=0;i<=dataPoints-1;i++) 
    { 
      //fprintf(fOutput,"\n\nFor the #%d DataPoints (%6.1f\t%6.1f)\n", 
i+1,xValue[i],yValue[i]); 
 //      fprintf(fNearest,"\n\nFor the #%d DataPoints (%d,%d)\n", 
i+1,xValue[i],yValue[i]); 
     for(j=0,l=0; j<=dataPoints-1;j++) 
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      { 
       distance = (MAGNIFICATION) * sqrt((((xValue[j]-
xValue[i])*(xValue[j]-xValue[i]))+ ((yValue[j]-yValue[i])*(yValue[j]-
yValue[i])))); 
         if (distance != 0) 
         dist[l++]= distance; 
//   fprintf(fOutput,"%.2f\n",distance); 
 
      } 
 
      for ( l=0,sum =0; l< value; l++) 
     { 
      for (m=l+1; m< dataPoints-1; m++) 
       { 
          if( dist[m]< dist[l]) 
          { 
          temp = dist[l]; 
             dist[l] = dist[m]; 
             dist[m] = temp; 
            } 
          else; 
         } 
 
      //fprintf(fOutput,"%.2f\n",dist[l]); 
      sum = sum + dist[l]; 
     } 
     //fprintf(fNearest,"%.2f\n",(sum/value)); 
     fprintf(fOutput,"%.2f\n",(sum/value)); 
    } 
 
    fclose(fOutput); 
    fclose(fNearest); 
} 
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Table 4: Conversions used to calculate Nearest neighbor spacing and 
Primary dendrite trunk diameter for 11_13 sample 
Sample 
ID: 
Pixel  to micrometer conversion for 
Nearest neighbor spacing 
(After 50 % Reduction in Image Size) 
Pixel to Micrometer Conversion 
for Primary dendrite trunk 
diameter 
(Original Image) 
 
11_13_16 
( 32 to 64)  
 
 
1 Pixel = 4.66 µm 
 
 
1 Pixel = 2.20 µm 
 
11_13_17 1 Pixel = 5.14 µm 1 Pixel = 2.57 µm 
11_13_18 1 Pixel = 5.13 µm 1 Pixel = 2.60 µm 
11_13_19 1 Pixel = 5.13 µm 1 Pixel = 2.57 µm 
11_13_20 ------------ ------------ 
11_13_21 1 Pixel = 5.19 µm 1 Pixel = 2.63 µm 
11_13_22 1 Pixel = 4.89 µm 1 Pixel = 2.45 µm 
11_13_23 1 Pixel = 5.20 µm 1 Pixel = 2.60 µm 
11_13_24 1 Pixel = 4.98 µm 1 Pixel = 2.48 µm 
11_13_25 1 Pixel = 5.11 µm 1 Pixel = 2.57 µm 
11_13_26 1 Pixel = 4.97 µm 1 Pixel = 2.47 µm 
11_13_27 1 Pixel = 5.22 µm 1 Pixel = 2.62 µm 
11_13_28 1 Pixel = 5.23 µm 1 Pixel = 2.61 µm 
11_13_29 1 Pixel = 5.18 µm 1 Pixel = 2.60 µm 
11_13_30 1 Pixel = 4.96 µm 1 Pixel = 2.48 µm 
11_13_31 1 Pixel = 5.10 µm 1 Pixel = 2.55 µm 
11_13_32 1 Pixel = 4.89 µm 1 Pixel = 2.45 µm 
   
11_13_33_ 
1 to 21:  
 1 Pixel = 4.68 µm 1 Pixel = 2.33 µm 
   
11_13_33_ 
22 to 69: 
                  1 Pixel = 4.44 µm 1 Pixel = 2.20 µm 
   
11_13_34: 1 Pixel = 4.93 µm 1 Pixel = 2.47 µm 
11_13_35: 1 Pixel = 4.96 µm 1 Pixel = 2.47 µm 
11_13_36: 1 Pixel = 4.97 µm 1 Pixel = 2.47 µm 
11_13_37: 1 Pixel = 4.95 µm 1 Pixel = 2.47 µm 
11_13_38: 1 Pixel = 4.92 µm 1 Pixel = 2.47 µm 
11_13_39: 1 Pixel = 4.94 µm 1 Pixel = 2.47 µm 
11_13_40: 1 Pixel = 4.92 µm 1 Pixel = 2.47 µm 
11_13_41: 1 Pixel = 4.95 µm 1 Pixel = 2.47 µm 
11_13_42: 1 Pixel = 5.25 µm 1 Pixel = 2.47 µm 
11_13_43: 1 Pixel = 4.93 µm 1 Pixel = 2.47 µm 
11_13_44: 1 Pixel = 4.95 µm 1 Pixel = 2.47 µm 
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Table 5: Conversions used to calculate Nearest neighbor spacing and 
Primary dendrite trunk diameter for 11_18 sample 
 
Sample 
ID: 
Pixel  to micrometer conversion for 
Nearest neighbor spacing 
(After 50 % reduction in image size) 
Pixel to micrometer conversion for 
Primary dendrite trunk diameter. 
(Original Image) 
11_18_01 1 Pixel = 5.27 µm 1 Pixel = 2.61 µm 
11_18_02 1 Pixel = 4.87 µm 1 Pixel = 2.44 µm 
11_18_03 1 Pixel = 5.29 µm 1 Pixel = 2.65 µm 
11_18_04 1 Pixel = 4.97 µm 1 Pixel = 2.47 µm 
11_18_05 1 Pixel = 5.31 µm 1 Pixel = 2.64 µm 
11_18_06 1 Pixel = 4.94 µm 1 Pixel = 2.47 µm 
11_18_07 1 Pixel = 5.28 µm 1 Pixel = 2.63 µm 
11_18_08 1 Pixel = 4.89 µm 1 Pixel = 2.45 µm 
11_18_09 1 Pixel = 5.14 µm 1 Pixel = 2.56 µm 
11_18_10 1 Pixel = 4.95 µm 1 Pixel = 2.46 µm 
11_18_11 1 Pixel = 5.11 µm 1 Pixel = 2.55 µm 
11_18_12 1 Pixel = 4.95 µm 1 Pixel = 2.47 µm 
11_18_13 1 Pixel = 5.21 µm 1 Pixel = 2.60 µm 
11_18_14 1 Pixel = 4.83 µm 1 Pixel = 2.42 µm 
11_18_15 1 Pixel = 5.18 µm 1 Pixel = 2.58 µm 
11_18_16 1 Pixel = 4.88 µm 1 Pixel = 2.42 µm 
11_18_17 1 Pixel = 5.13 µm 1 Pixel = 2.56 µm 
11_18_18 1 Pixel = 4.89 µm 1 Pixel = 2.44 µm 
   
   
   
11_18_33 1 Pixel = 4.86 µm 1 Pixel = 2.43 µm 
11_18_34 1 Pixel = 4.88 µm 1 Pixel = 2.43 µm 
11_18_35 1 Pixel = 4.89 µm 1 Pixel = 2.44 µm 
11_18_36 1 Pixel = 4.91 µm 1 Pixel = 2.45 µm 
11_18_37 1 Pixel = 5.26 µm 1 Pixel = 2.61 µm 
11_18_38 1 Pixel = 4.90 µm 1 Pixel = 2.45 µm 
11_18_39 1 Pixel = 5.22 µm 1 Pixel = 2.60 µm 
11_18_40 1 Pixel = 4.89 µm 1 Pixel = 2.44 µm 
11_18_41 1 Pixel = 4.86 µm 1 Pixel = 2.43 µm 
11_18_42 1 Pixel = 4.85 µm 1 Pixel = 2.43 µm 
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Table 6: 11_13 Sample sections with Sample ID, Growth speed (V), 
Morphology, Distance, No of dendrites, Nearest neighbor spacing (for 
nearest 1 and 6), Trunk mean diameter 
 
 
 
Sample ID 
 
V 
(µm/s) 
 
    
Morphology 
 
Distance 
(cm) 
 
No of 
dendrites 
 
Nns1 
(µm) 
 
Nns6 
(µm) 
 
Trunk 
diameter 
(µm) 
11_13_01: 4 Cellular 1.00 --- --- --- --- 
11_13_02: 4 Cellular 1.38 --- --- --- --- 
11_13_03: 4 Cellular 1.76 --- --- --- --- 
11_13_04: 4 Cellular 2.14 --- --- --- --- 
11_13_05: 4 Cellular 2.52 --- --- --- --- 
11_13_06: 4 Cellular 2.90 --- --- --- --- 
11_13_07: 4 Cellular 3.28 --- --- --- --- 
11_13_08: 4 Cellular 3.66 --- --- --- --- 
11_13_09: 4 Cellular 4.04 --- --- --- --- 
11_13_10: 4 Cellular 4.42 --- --- --- --- 
11_13_11: 4 Cellular 4.80 --- --- --- --- 
11_13_12: 4 Cellular 5.18 --- --- --- --- 
11_13_13: 4 Cellular 5.56 --- --- --- --- 
11_13_14: 4 Cellular 5.94 --- --- --- --- 
11_13_15: 4 Cellular 6.32 --- --- --- --- 
 
 
 
Speed 
change 
 
      
11_13_16_32: 85 Dendritic 0 91 472 741 72 
11_13_16_33: 85 Dendritic 0.03 87 482 763 68 
11_13_16_34: 85 Dendritic 0.06 86 500 783 67 
11_13_16_35: 85 Dendritic 0.09 92 485 796 66 
11_13_16_36: 85 Dendritic 0.12 95 492 815 67 
11_13_16_37: 85 Dendritic 0.15 101 491 818 66 
11_13_16_38: 85 Dendritic 0.18 116 492 773 64 
11_13_16_39: 85 Dendritic 0.21 125 476 762 66 
11_13_16_40: 85 Dendritic 0.24 125 466 751 67 
11_13_16_41 85 Dendritic 0.27 127 460 749 67 
11_13_16_42 85 Dendritic 0.30 126 455 751 68 
11_13_16_43 85 Dendritic 0.33 128 453 757 70 
11_13_16_44 85 Dendritic 0.36 126 453 763 69 
11_13_16_45 85 Dendritic 0.39 124 453 773 69 
11_13_16_46 85 Dendritic 0.42 121 454 774 68 
11_13_16_47 85 Dendritic 0.45 120 459 771 67 
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Sample ID 
 
V 
(µm/s) 
 
    
Morphology 
 
Distance 
(cm) 
 
No of 
dendrites 
 
Nns1  
(µm) 
 
Nns6 
(µm) 
 
Trunk 
diameter 
(µm) 
11_13_16_48: 85 Dendritic 0.48 120 455 774 67 
11_13_16_49: 85 Dendritic 0.51 116 453 784 66 
11_13_16_50: 85 Dendritic 0.54 115 451 779 66 
11_13_16_51: 85 Dendritic 0.57 114 442 776 68 
11_13_16_52: 85 Dendritic 0.60 114 443 789 67 
11_13_16_53: 85 Dendritic 0.63 112 455 794 68 
11_13_16_54: 85 Dendritic 0.66 108 449 792 68 
11_13_16_55: 85 Dendritic 0.69 109 450 797 67 
11_13_16_56: 85 Dendritic 0.72 111 454 805 66 
11_13_16_57: 85 Dendritic 0.75 109 454 805 65 
11_13_16_58: 85 Dendritic 0.78 109 466 819 65 
 
11_13_16_59: 85 
 
Dendritic  0.81 
 
108 468 
 
824 65 
11_13_16_60: 85 Dendritic 0.84 106 457 811 66 
11_13_16_61: 85 Dendritic 0.87 108 448 788 63 
11_13_16_62: 85 Dendritic 0.90 109 446 787 63 
11_13_16_63: 85 Dendritic 0.93 109 440 789 63 
11_13_16_64: 85    Dendritic 0.96 107 437 791 63 
 
End of  the Longitudinal Section (2.00cm) 
 
11_13_17: 85 Dendritic 1 117 434 769 59 
11_13_18: 85 Dendritic 1.38 120 434 790 64 
11_13_19: 85 Dendritic 1.76 116 442 805 64 
11_13_20: 85 Dendritic -- -- -- -- -- 
11_13_21: 85 Dendritic 2.52 118 453 789 66 
11_13_22: 85 Dendritic 2.90 119 446 789 63 
11_13_23: 85 Dendritic 3.28 126 420 752 63 
11_13_24: 85 Dendritic 3.66 134 416 742 63 
11_13_25: 85 Dendritic 4.04 140 398 702 64 
11_13_26: 85 Dendritic 4.42 136 409 729 64 
11_13_27: 85 Dendritic 4.80 149 394 692 65 
11_13_28: 85 Dendritic 5.18 158 386 675 65 
11_13_29: 85 Dendritic 5.56 156 401 667 61 
11_13_30: 85 Dendritic 5.94 159 394 662 60 
11_13_31: 85 Dendritic 6.32 152 394 652 62 
11_13_32: 85 Dendritic 6.70 164 369 633 61 
 
Speed Change ( 85 to 31 µm/s) 
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Sample ID 
 
V 
µm/s 
 
    
Morphology 
 
Distance 
(cm) 
 
No of 
dendrites 
 
Nns1  
(µm) 
 
Nns6 
(µm) 
 
Trunk 
diameter 
(µm) 
11_13_33_1: 85 Dendritic 7.15 156 379 648 62 
11_13_33_2: 85 Dendritic 7.17 154 377 652 61 
11_13_33_3: 85 Dendritic 7.19 153 381 652 63 
11_13_33_4: 85 Dendritic 7.22 153 381 656 64 
11_13_33_5: 85 Dendritic 7.25 159 379 648 62 
11_13_33_6: 85 Dendritic 7.29 159 379 647 62 
11_13_33_7: 85 Dendritic 7.35 166 378 642 64 
11_13_33_8: 85 Dendritic 7.37 169 380 637 63 
11_13_33_9: 85 Dendritic 7.38 166 381 644 65 
11_13_33_10: 85 Dendritic 7.40 168 374 635 63 
11_13_33_11: 85 Dendritic 7.42 168 369 635 64 
11_13_33_12: 85 Dendritic 7.46 162 377 638 64 
11_13_33_13: 85 Dendritic 7.49 164 379 644 66 
11_13_33_14: 85 Dendritic 7.52 162 386 640 68 
11_13_33_15: 85 Dendritic 7.54 161 385 650 67 
11_13_33_16: 85 Dendritic 7.57 163 383 643 69 
11_13_33_17: 85 Dendritic 7.60 165 384 644 68 
11_13_33_18: 85 Dendritic 7.63 162 381 644 68 
11_13_33_19: 85 Dendritic 7.66 160 387 646 67 
11_13_33_20: 85 Dendritic 7.68 158 389 648 69 
11_13_33_21: 85    Dendritic 7.71 156 392 654 70 
11_13_33_22: 85 Dendritic 7.73 156 397 656 72 
11_13_33_23: 85 Dendritic 7.77 156 399 654 73 
11_13_33_24: 85 Dendritic 7.81 154 397 665 74 
11_13_33_25: 85 Dendritic 7.85 153 397 660 74 
11_13_33_26: 85 Dendritic 7.88 152 400 662 75 
11_13_33_27: 85 Dendritic 7.91 151 397 658 75 
11_13_33_28: 85 Dendritic 7.94 145 410 671 75 
11_13_33_29: 85 Dendritic 7.97 144 417 685 75 
11_13_33_30: 85 Dendritic 8.00 146 413 674 75 
11_13_33_31: 85-31 Dendritic 8.03 144 402 662 75 
11_13_33_32: 31 Dendritic 8.06 142 403 654 77 
11_13_33_33: 31 Dendritic 8.10 143 403 655 76 
11_13_33_34: 31 Dendritic 8.13 141 407 660 77 
11_13_33_35: 31 Dendritic 8.16 135 400 661 76 
11_13_33_36: 31 Dendritic 8.19 140 399 650 77 
11_13_33_37: 31 Dendritic 8.22 138 398 654 77 
11_13_33_38: 31 Dendritic 8.25 138 403 659 76 
11_13_33_39: 31 Dendritic 8.27 137 399 654 76 
11_13_33_40: 31 Dendritic 8.31 135 386 640 77 
11_13_33_41: 31 Dendritic 8.33 136 383 637 77 
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Sample ID 
 
V 
µm/s 
 
 
Morphology 
 
 
Distance 
(cm) 
 
No of 
dendrites 
 
Nns1  
(µm) 
 
Nns6 
(µm) 
 
Trunk 
diameter 
(µm) 
11_13_33_42: 31 Dendritic 8.37 137 384 637 78 
11_13_33_43: 31 Dendritic 8.40 136 386 635 78 
11_13_33_44: 31 Dendritic 8.43 136 373 623 78 
11_13_33_45: 31 Dendritic 8.46 132 383 642 76 
11_13_33_46: 31 Dendritic 8.49 133 372 627 77 
11_13_33_47: 31 Dendritic 8.52 131 374 630 77 
11_13_33_48: 31 Dendritic 8.55 129 373 634 76 
11_13_33_49: 31 Dendritic 8.58 128 372 
635 
77 
 
11_13_33_50: 31 
 
Dendritic     8.61 
 
129 368 
 
627 78 
11_13_33_51: 31 Dendritic 8.64 130 375 635 78 
11_13_33_52: 31 Dendritic 8.67 129 376 639 77 
11_13_33_53: 31 Dendritic 8.70 128 375 638 78 
11_13_33_54: 31 Dendritic 8.73 128 371 634 77 
11_13_33_55: 31 Dendritic 8.76 128 373 637 77 
11_13_33_56: 31 Dendritic 8.79 129 372 632 77 
11_13_33_57: 31 Dendritic 8.82 131 371 630 77 
11_13_33_58: 31 Dendritic 8.85 131 372 636 77 
11_13_33_59: 31 Dendritic 8.88 131 379 641 76 
11_13_33_60: 31 Dendritic 8.91 129 376 640 77 
11_13_33_61: 31 Dendritic 8.94 129 373 632 75 
11_13_33_62: 31 Dendritic 8.97 129 369 628 76 
11_13_33_63: 31 Dendritic 9.00 128 369 628 75 
11_13_33_64: 31 Dendritic 9.03 128 368 630 75 
11_13_33_65: 31 Dendritic 9.06 128 366 626 75 
11_13_33_66: 31 Dendritic 9.09 129 368 626 74 
11_13_33_67: 31 Dendritic 9.12 130 371 624 75 
11_13_33_68: 31 Dendritic 9.15 129 372 626 75 
11_13_33_69: 31 Dendritic 9.19 129 372 623 75 
 
End of Longitudinal Sections(2.1 cm) 
 
11_13_34: 31 Dendritic     9.27 127 386 639 77 
11_13_35: 31 Dendritic 9.65 123 391 658 77 
11_13_36: 31 Dendritic 10.03 123 377 664 78 
11_13_37: 31 Dendritic 10.41 124 383 667 73 
11_13_38: 31 Dendritic 10.79 122 392 696 78 
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Sample 
ID 
 
V 
µm/s 
 
    
Morphology 
 
Distance 
(cm) 
 
No of 
dendrites 
 
Nns1  
(µm) 
 
Nns6 
(µm) 
 
Trunk 
diameter 
(µm) 
11_13_39: 31 Dendritic 11.17 119 387 691 76 
11_13_40: 31 Dendritic 11.55 115 403 708 79 
11_13_41: 31 Dendritic 11.93 120 423 716 78 
11_13_42: 31 Dendritic 12.31 122 411 695 76 
11_13_43: 31 Dendritic 12.69 122 419 707 80 
11_13_44: 31 Dendritic 13.07 124 408 698 79 
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Table 7: 11_18 Sample sections with Sample ID, Growth speed (V), 
Morphology, Distance, No of dendrites, Nearest neighbor spacing (for 
nearest 1&6), Trunk mean diameter 
 
 
 
Sample 
ID 
 
V 
(µm/s) 
 
    
Morphology 
 
Distance 
(cm) 
 
(No of 
dendrites) 
 
Nns1  
(µm) 
 
Nns6 
(µm) 
 
Trunk 
diameter 
(µm) 
11_18_01 72 Dendritic 1.00 140 472 742 127 
11_18_02 72 Dendritic 1.38 145 460 710 74 
11_18_03 72 Dendritic 1.76 148 445 700 70 
11_18_04 72 Dendritic 2.14 156 422 683 69 
11_18_05 72 Dendritic 2.52 161 401 666 69 
11_18_06 72 Dendritic 2.90 169 392 657 66 
11_18_07 72 Dendritic 3.28 166 401 659 67 
11_18_08 72 Dendritic 3.66 167 407 664 63 
11_18_09 72 Dendritic 4.04 172 417 657 61 
11_18_10 72 Dendritic 4.42 180 398 632 64 
11_18_11 72 Dendritic 4.80 182 392 614 60 
11_18_12 72 Dendritic 5.18 192 380 616 62 
11_18_13 72 Dendritic 5.56 182 379 622 62 
11_18_14 72 Dendritic 5.94 187 371 622 61 
11_18_15 72 Dendritic 6.32 173 398 642 63 
11_18_16 72 Dendritic 6.70 173 395 652 62 
11_18_17 72 Dendritic 7.08 166 393 651 60 
11_18_18 72 Dendritic 7.46 169 398 656 62 
 
 
11_18_19 
 
Speed  
Change 
 
 
 
Dendritic to  
Cellular 
 
 
2.00 cm  
 
 
--- 
 
 
--- 
 
 
--- 
 
 
--- 
11_18_20 5 Cellular 1.00 --- --- --- --- 
11_18_21 5 Cellular 1.38 --- --- --- --- 
11_18_22 5 Cellular 1.76 --- --- --- --- 
11_18_23 5 Cellular 2.14 --- --- --- --- 
11_18_24 5 Cellular 2.52 --- --- --- --- 
11_18_25 5 Cellular 2.90 --- --- --- --- 
11_18_26 5 Cellular 3.28 --- --- --- --- 
11_18_27 5 Cellular 3.66 --- --- --- --- 
11_18_28 5 Cellular 4.04 --- --- --- --- 
11_18_29 5 Cellular 4.42 --- --- --- --- 
11_18_30 5 Cellular 4.80 --- --- --- --- 
11_18_31 5 Cellular 5.18 --- --- --- --- 
 
 
Speed 
Change 
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Sample 
ID 
V 
(µm/s) 
Morphology Distance 
(cm) 
(No of 
dendrites) 
Nns1  
(µm) 
Nns6 
(µm) 
Trunk 
diameter 
(µm) 
11_18_33 22 Dendritic 1.00 95 517 828 92 
11_18_34 22 Dendritic 1.38 92 489 793 96 
11_18_35 22 Dendritic 1.76 89 509 799 95 
11_18_36 22 Dendritic 2.14 92 501 804 96 
11_18_37 22 Dendritic 2.52 88 506 824 95 
11_18_38 22 Dendritic 2.90 93 491 816 94 
11_18_39 22 Dendritic 3.28 88 510 827 94 
11_18_40 22 Dendritic 3.66 88 496 824 92 
11_18_41 22 Dendritic 4.04 95 509 830 91 
11_18_42 22 Dendritic 4.42 105 501 807 95 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
